Petiole growth in Thlaspi arvense L. was stimulated when a basic 8 hour photoperiod (4.20 milliwatts per square centimeter) was extended with low intensity light (0.16 milliwatt per square centimeter) from incandescent lamps. The day length extension was effective only when the light contained high proportions of far red light. Exogenous gibberellin A3 (GA3) could partially substitute for the promotive effect of the extended photoperiod. Moreover, the GA biosynthesis inhibitor 2-chlorocholine chloride inhibited the increase in petiole growth induced by the extended photoperiod. However, evidence was obtained indicating that gibberellins do not mediate the effect of the extended photoperiod. First, petiole growth was greater in plants receiving both exogenous GA3 and a day length extension than the sum of the effects of the two treatments alone. Second, petioles were sensitive to exogenous GA3 only during the early stages of leaf development, whereas mature (but not senescent) leaves continued to respond to an extension of the photoperiod. Third, the cellular basis for growth induced by extending the photoperiod was different from that observed with GA3. It was concluded that light and gibberellins are both important in the overall regulation of petiole growth, but act through independent mechanisms.
Field pennycress (Thlaspi arvense L.) is a winter annual weed that has a cold requirement for stem elongation and flowering. Work in this laboratory has been focused on the role of GAs' in the environmental control of stem elongation in this species (8, 9) . During the course of these studies we observed that photoperiod exerts a strong influence on leaf growth, particularly petiole length. Petioles from plants that had been transferred to LD were longer than from plants maintained under SD. Furthermore, application of GA3 to plants in SD caused petioles to elongate, thereby mimicking the effect of LD. These observations suggest that GAs may mediate the observed LD-induced increase in petiole growth. Indeed, evidence for a role of GAs in this phenomenon in spinach has been published (21) . Thus, in the present paper we report the results of experiments with two objectives in mind: first, to characterize more completely the role of light in the regulation of petiole growth in field pennycress; and second, to test the hypothesis that GAs mediate LD-induced petiole growth. pots filled with vermiculite. The pots were continuously subirrigated with one-quarter strength Hoagland solution (1) . The plants were grown under SD conditions at 21°C until they were ready for use, approximately 6 weeks after germination.
MATERIALS AND METHODS
Light Treatments. SD treatments consisted of 8 h of light from fluorescent and incandescent lamps (4.20 mW cm-2) followed by 16 h of darkness. LD treatments were composed of the same basic 8 h photoperiod as SD followed by 16 h of low intensity illumination from incandescent lamps (0.16 mW cm-2).
The spectral dependency of the LD response was investigated by subjecting plants to 16 The number of cells per mm of petiole was determined by the method described by Van Volkenburgh and Cleland (18) . Briefly, each petiole was placed in a test tube containing 10 ml of 5% (v/v) chromic acid for 2 d at room temperature. The petioles were broken into smaller pieces by vigorous agitation with a Vortex Genie (Fischer Scientific, Pittsburgh, PA). Individual cells were than liberated from the pieces by triterating with a Pasteur pipet. One ml of the cell suspension was diluted with 2 ml H20 and the number ofcells determined with a haemocytometer. The number ofcells per mm was then calculated by dividing the total number of cells in each petiole by its length. Petioles from all treatments had similar cross-sectional areas so valid comparisons could be made. Each treatment had five replicates. RESULTS Characterization ofthe Response. Figure IA shows the effect of a transfer from S to LD conditions on petiole growth. An increase in petiole length was evident after 2 LD. Furthermore, LD caused both an increase in the growth rate and final length. This indicates that LD does not simply reduce the time for petioles to achieve some predetermined length.
Previous work in this laboratory has shown that the initiation of stem growth in field pennycress requires a cold treatment. Furthermore, we observed that thermoinduced stem growth was greater under LD than SD (8) . We were therefore interested in the possibility that thermoinductive treatments also interact with light in the control of petiole growth. Plants grown for 6 weeks under SD at 21°C received a 4 week thermoinductive treatment at 4°C (8) . At diated. Therefore the wavelength dependency ofthe LD response was investigated. The greatest increase in petiole growth was observed when the basic 8 h photoperiod was extended with light enriched with FRL; RL elicited only a small increase in petiole growth (Fig. 2) . Incandescent light, which sets up a phytochrome photoequilibrium of Pr/Pfr equaling approximately 1 (2), caused an intermediate response. When the basic 8 h high intensity portion of the photoperiod was extended to 24 h, petiole growth was less than the SD (dark) control (Fig. 2 ).
GA and Petiole Growth. In other species (e.g. spinach [21]) exogenous GA can at least partially substitute for LD treatment in causing an increase in petiole growth. Similarly, application of GA3 to field pennycress leaves in SD mimicked the transfer to LD (Fig. 3) . However, GA3 could not fully substitute for LD. Moreover, the increment of growth induced by GA3 was greater in LD than SD (Fig. 3) . This indicates that petiole sensitivity to exogenous GA3 was higher under LD.
The requirement for GA biosynthesis in LD-induced petiole growth was investigated by treating plants with the GA biosynthesis inhibitor CCC. Figure 4 shows that CCC partially blocked the LD effect on growth. This inhibition of growth was fully reversed with the simultaneous application of GA3. CCC also reduced petiole growth in 50 and this inhibition was only slightly less than that observed when CCC was applied in LD (Fig. 4) . The inhibition ofpetiole growth by CCC in SD was also reversible with GA3 (not shown).
Developmentally Related Differences in Sensitivity to LD and GA3. The results with CCC provide evidence that at least a component ofpetiole growth is regulated by GAs. However, they do not unequivocally show that GAs mediate the LD response. The fact that LD and GA3 act synergistically (Fig. 3) suggests that the two treatments may act independently. In order to test this possibility, petioles were examined for developmentally related differences in sensitivity to the transfer from SD to LD and (Fig. 5) . In contrast, no comparable increase in growth was observed in GA3 treated plants (Fig. 5) .
These results indicate that LD and GA act at different sites.
Comparison of the Cellular Basis for LD-and GA-Induced Petiole Growth. Additional evidence that LD and GA3 affect different components of petiole growth was obtained by comparing the cellular basis for increased growth induced by the two treatments. Analysis ofthe lengths of pith cells from longitudinal sections of petioles subjected to SD, LD, or applications of GA3 in SD showed that LD treatment resulted in a 21% increase in the mean cell length over that observed in the SD control. Exogenous GA3, on the other hand, had virtually no effect (Table  I) . This indicates that LD-induced growth is the result of both increased cell length and number. In contrast, GA3 caused increased growth through a greater production ofcells that elongate to the same extent as in the SD control.
These conclusions were corroborated through a second, independent approach. Petioles from plants maintained in SD, subjected to LD, or treated with GA3 were analyzed for total number of cells. Table II shows that exogenous GA3 increased petiole growth through an increase in cell number. Also evident was the component of LD-induced growth that resulted from cell elongation: the reduction in the number of cells per mm in LDtreated petioles from that observed in the SD control (Table II) closely corresponds to the LD-induced increase in cell length shown in Table I (25% versus 21%). These results, when taken together with those shown in Figure 5 , provide reasonably good evidence that LD and GA3 act independently. DISCUSSION Petiole growth in field pennycress was promoted by extending the photoperiod with low intensity light containing a high proportion of FRL (Fig. 2) . This is consistent with the common observation that FRL administered at the end of, or as a supplement to the main photoperiod causes enhanced growth of both petioles and stems in a variety of other species (11, 12, 14, 16, 20) . Spinach is a rosette plant with a LD requirement for the initiation of flowering and stem elongation (14, 21) . Like field pennycress, extending the photoperiod with light containing a high proportion of FRL promotes petiole growth in spinach (14, 21) . However, the photoperiodic requirement for flower initiation is only satisfied when the day length is extended with RL (14) . Thus, LD-induced petiole growth in spinach and field pennycress is not likely a photoperiodic process involved in time measurement, but rather a rapid response to a shift in the phytochrome equilibrium (i.e. ratio of Pr to Pfr) brought on by increasing duration of light with higher proportions of FRL. In nature this can occur from the selective attenuation of RL by leaf canopies and atmospheric conditions such as passing clouds or twilight (4, 5, 11, 12) .
It is yet unclear as to the mechanism by which FRL stimulates petiole growth in field pennycress. In spinach, with FRL. Furthermore, inhibitors of GA biosynthesis greatly reduce the LD effect. This led to the conclusion that GAs mediate the response of spinach to LD (21) . The same conclusion could be drawn for field pennycress based on the data obtained from similar experiments (Figs. 3 and 4) . However, the bulk of the evidence presented in this paper argues against such a role for GAs. First, LD and GA3 acted synergistically when applied together (Fig. 3) . If GAs mediate the LD-induced increase in growth, one would expect the sum of the two treatments alone would add to the response when both treatments were applied together. Second, we observed developmentally related differences in petiole sensitivity to the transfer from SD to LD and to exogenous GA3 in SD (Fig. 5) . Third, the cellular basis for the increase in petiole growth is different in LD-treated and GA3-treated plants (Tables I and II) . Although these results from experiments on field pennycress do not eliminate a role for GAs in light-regulated petiole growth in spinach, they do point out the need for care when drawing conclusions about functions of plant hormones based simply on the response of plants to hormone treatments.
Although it appears that GAs are not mediators of lightregulated growth, it is likely they control some other component of petiole growth. The GA biosynthesis inhibitor CCC reduced petiole growth by similar proportions in both LD and SD. This effect was fully reversible with GA3 (Fig. 4) . Furthermore, exogenous GA3 apparently caused increased petiole growth through stimulation of cell division (Tables I and II) . It is plausible, therefore, that GAs regulate petiole growth through modulation of cell number.
In other species, early leaf growth is marked by rapid cell division in both the petiole and the blade. As development continues, division persists but cell expansion becomes an important component of leaf growth. When the leaf approaches maturity, growth continues despite cessation of division (7, 10, 15) . If a similar developmental plan exists in field pennycress, then the loss of sensitivity to GA3 observed in older leaves (Fig.  5) can be explained by a developmentally related reduction in cell competency for division. Also consistent with this was the observation that the ability of CCC to inhibit petiole growth declines with increasing leaf age (JD Metzger, unpublished data). This implies that GAs are important in the regulation of early petiole growth when cell division is most prevalent.
Petioles were clearly more sensitive to exogenous GA3 in LD than SD (Fig. 3) . It has been argued that such shifts in hormone sensitivity are of central importance in hormonal control of development (17) . However, the physiological basis for increased hormone sensitivity in this case lies in the two stimuli affecting different components of growth rather than being related to something specific to GA action (e.g. receptor levels). This demonstrates that it is difficult to accurately assess the role of hormone sensitivity in the control of plant growth and development on the basis of dose-response experiments alone (3).
If 
